Comparative studies of sequence motifs in the RNA polymerases and nucleic acid helicases of positivesense RNA plant viruses have provided a new scheme for the classification of these pathogens. We propose a new luteovirus supergroup which should be added to the already described Sindbisviruslike and picornavirus-like supergroups. Sequence motifs of nucleic acid helicases and RNA polymerases which previously were considered to be specific for each of the two supergroups now occur together within this new supergroup. We propose that this new viral supergroup provides an evolutionary link between the other two supergroups.
INTRODUCTION
Positive-strand RNA plant viruses consist of many economically important groups with wide host ranges, morphologies and modes of transmission (1) (2) (3) (4) . In recent years the RNAs of a number of these viruses have been sequenced and some functional sequence motifs in their structural and non-structural proteins have been described (3, (5) (6) (7) (8) (9) (10) (11) .
The recent discovery of a series of amino acid motifs from a wide range of prokaryotic and eukaryotic organisms led to the definition of a large group of proteins, the nucleic acid helicases, which are also found in the positive-strand RNA viruses of plants (5) (6) (7) 10, 11) . Their specific functions include nucleic acid unwinding, and acting in recombination, transcription, translation, and possibly also in RNA splicing (7, (10) (11) (12) (13) .
In the comparative analysis presented here, we have used sequence motifs in nucleic acid helicases (5) (6) (7) 11) and RNA polymerases (14) to gain an insight on the presence and location of the relevant putative genes in different groups of plus-sense RNA plant viruses. In particular we are concerned with luteoviruses, carmoviruses and sobemoviruses which show partial homology in the sequence motifs of their non-structural proteins. We propose here a new luteovirus-like supergroup which includes these viruses and which links together the two previously described Sindbisvirus-like and picornavirus-like supergroups.
RESULTS AND DISCUSSION
Recently, the positive-sense RNA plant viruses were divided into two large supergroups called Sindbisvirus-like and picornavirus-like by Goldbach and Wellink (3) . Their classification scheme was based on the presence or absence of VPg (Ural ftotein genome) at the 5'-end of the genomic RNA, the use of a polyprotein as an intermediate in the expression of viral genome and the presence or absence of subgenomic RNAs in vivo.
In this work, we present a new basis for the classification of these viruses, which is now extended to include a new supergroup called luteovirus-like (Supergroup B), which Table 1 which were used as a basis for our classification are as follows: 1. Putative nucleic acid helicases: a, type of sequence motif present; b, the amino acid gap length between each sequence motif and c, the degree of homology between corresponding sequence motifs in different viral helicases. 2. Putative RNA polymerases: a, the homology in the sequence motifs of various viral RNA polymerases and b, the gap length between each sequence motif. (11) classified the nucleic acid helicases of prokaryotic and eukaryotic organisms into two large superfamilies (SF1 and SF2) based on the homology between their amino acid sequence motifs. In the study of the sequence motifs of putative nucleic acid helicases of the positive-sense RNA plant viruses, we observed that the Sindbisvirus-like Supergroup A carries sequence motifs of SF1 helicases and the picornavirus-like Supergroup C contains helicases of the SF2 type. On the other hand, members of the luteovirus group contain sequence motifs present in both Supergroups A and C (Fig. 1) . Furthermore, the amino acid sequence motifs present in the RNA polymerases of each supergroup appear to be distinct (Fig. 2) . These studies led us to conclude that the luteoviruses and related viruses (see below) can be grouped together into a new luteovirus-like Supergroup B.
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Amino Acid Sequence Motifs of Viral Nucleic Acid Helicases
Seven sequence motifs derived from the predicted amino acid sequence of nucleic acid helicases (5-7,11) from 21 plant viruses are presented in Fig. 1 . A consensus pattern for each supergroup is also shown.
Not all the plant viruses studied here possess all the seven types of sequence motifs in their nucleic acid helicases. Based on the presence or absence of a sequence motif (numbered I to VI, Table 1 ) and the other features mentioned above (see also Fig. 1 ), the classification scheme summarized in Table 1 was designed. Each of the three supergroups (A, B and C) can be sub-divided into two or more subdivisions (Table 1 ; Al, A2, Bl -B3 and Cl, C2) comprising one or more similar groups of plant viruses.
Although Supergroups A and C show some homology in sequence motifs I, la, II and V, motifs m, IV and VI are distinct. On the other hand, sequence motif HI of Supergroup B, where present, appears related to that of Supergroup A, while motifs IV and VI are more closely related to those of Supergroup C (Fig. 1) . Therefore, Supergroup B, which includes carmoviruses, tombusviruses, luteoviruses and sobemoviruses (Table 1) , is distinct from the other two supergroups.
Our studies also show that the luteovirus group (Table 1 ; B2) can be divided into two subgroups. Subgroup 1, which includes the PAV isolate of BYDV and SDV (see Table  1 for the list of abbreviations), shows significant similarity to the carmovirus and tombusvirus groups in motifs IV and VI ( Fig. 1; Table 1 ). Further, in contrast to the limited presence of sequence motifs I, la and II of the putative helicases of SDV and BYDV, motif IV of these viruses is 100% homologous while the homology in motif VI is 81%. Conversely, sequence motif VI of Subgroup 2 (which includes BWYV and PLRV) matches with that of SBMV, a sobemovirus (Fig. 1) . A similar pattern of interhomology is observed when sequence motifs of the putative RNA polymerases in these viruses are compared (see below).
The gap length between sequence motifs HI and IV of Subgroup 1 of the luteoviruses, and between IV and VI of Subgroup 2 is much larger than the corresponding gaps in other Fig. 3 ). Large gap distances are also present between sequence motifs la and II and also between IV and V of the E. coli Rec B helicase (Fig. 1) . This translational frameshift which appears to be unique in the luteovirus RNAs (15) splits the helicase sequence motifs into two parts (pHEL, Fig. 3 ). In ORF1 of Subgroup 1, only motifs I to in are present, while in the portion of protein downstream from the translational frameshift site in 0RF2, motifs IV and VI are found. In Subgroup 2, motif IV is found in ORF2 and motif VI in ORF3 (Table 1; Fig. 3 ). Although four and five sequence motifs are present in the putative helicases of BYDV (PAV) and SDV, respectively, only two are present in BWYV and PLRV (Subgroup 2), all being members of the luteovirus group ( Fig. 1; Table 1, B2 ). The absence of most of the helicase motifs in BWYV, PLRV and some other plant viruses (Table 1) indicates that either an appropriate host protein may be sequestered to fulfil this function (10), a situation similar to that found in the replication of phage Q0 RNA (10,16), or viral proteins with similar functions but with a different set of sequence motifs may exist.
Sequence motif VI is the most abundant motif, being present in 22 out of a total of 24 putative plant viral helicases studied here (Fig. 1) . It is believed that this motif, enriched with basic amino acid residues ( Fig. 1) , provides the nucleic acid-binding site (11) .
Sequence motifs I and n, corresponding to the so-called 'A' and 'B' sites of the NTPbinding domain (10, 11) , are absent in most members of Supergroup B (Table 1) . Some members of this supergroup (Table 1 ; Bl) contain the smallest size genomes among the plant viruses (about 4 kb) (4) which implies that the function(s) provided by these motifs may be supplied by the host (10, 16) .
Motif I ('A' site motif) was the first to be described, and was shown to bind to ATP or GTP (17) . In plant viruses this binding activity has only been studied in TMV RNA in vitro (18) . The sequence of this motif has been quoted by many workers in their studies of the non-structural proteins present in the RNA viruses and was designated as a part of the replicative complex of these viruses (3, 8) .
Motif II ('B' site motif) is believed to interact with Mg 2+ of the Mg-NTP complex via the conserved aspartic acid (D) residue (11) . No putative role has as yet been stipulated for the sequence motifs la, HI, IV and V.
Occasionally, a sequence motif in a certain viral helicase reveals a high degree of homology with a corresponding motif from a totally unrelated virus, indicating a significant evolutionary relationship. For example, by comparing type la motif of BYDV (a luteovirus) with that of the potyviruses (PPV, TEV and PVY) and also type II motif of SDV (a luteovirus) with that of the pi66 of PVX (a potexvirus) a 50% amino acid sequence 3 ) of each putative protein (p) coded by viral RNAs is given in brackets. Numbers in the gaps between motifs are the number of amino acids contained within each gap. Each consensus line indicates residues which most commonly occur in that position, o, hydrophobic residues; +, polar residues. (?), partial sequence only obtained for SDV (58) . The gap in which a translational frameshift occurs in the viral RNAs of Supergroup B is underlined. Single and double asterisks above amino acids in motifs in Supergroup B indicate those conserved in the same motifs of Supergroup A and Supergroup C, respectively. See Table 1 for the list of virus abbreviations.
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homology is present (Fig. 1) . This implies that these motifs originated from a common source.
In the monopartite potexvirus (PVX and WC1MV), and in the multipartite furovirus (BNYVV) and hordeivims (BSMV), the sequence motifs of the putative helicase appear twice, either in the same RNA species (PVX, Figs. 1 and 3) , or in two separate RNAs (BNYW and BSMV, Figs. 1 and 3) . It has been proposed that in these viruses, two oligomeric subunits of the nucleic acid helicase are coded by each viral genome (7). The same virus groups are furnished with a poly (A) tail structure at the 3'-end of their RNAs (Fig. 3) . In the case of BSMV, the stretch of the poly (A) (about 20 nucleotides) is located 238 nucleotides upstream from the 3'-end (ref . 19; Fig. 3 ).
In the third position of the sequence motif I of the plant and animal viral helicases there is a glycine instead of an alanine, the latter being typical for the prokaryotic and eukaryotic helicases (refs. 12, 20-23; Fig. 1 ). Alanine is also present in the same position in the p25 and p26 of PVX and WCLMV helicases, respectively, ( Fig. 1; ref. 24 ). For comparison, helicase motifs derived from E. coli recB, representing Supergroup A (11) and from Drosophila (vasa) and human (p68) representing Supergroup C are displayed at the bottom of each set in Fig. 1 .
Role of Nucleic Acid Helicases in Virus Replication
It is clear that the plant viral coded proteins listed in Fig. 1 share some similarity with the true nucleic acid helicases in both the order and content of their sequence motifs. Further, it has long been known that in the tricornaviridae RNA 1 and RNA 2, which code for the motifs of nucleic acid helicase and RNA polymerase, respectively, are sufficient together for their successful replication in protoplasts (25, 26) . In the case of CPMV, only the RNA 1 (B RNA) which carries both putative nucleic acid helicase and RNA polymerase genes (see Fig. 3 ) is required to infect cowpea protoplasts (27) . This indicates that both proteins are required for the replication of viral RNA.
Several functions for nucleic acid helicases in prokaryotic and eukaryotic cells have been reported (21 -23,28,29) . Of these, most emphasis has been placed in the unwinding of double-stranded nucleic acids during replication. The appearance of a double-stranded RNA in the life cycle of RNA viruses has been the subject of controversy for a long time (26, 30) . Accumulated data, at least in the viral and subviral pathogens of plants, favour the natural occurrence of dsRNA during the life cycle of these pathogens (7, (29) (30) (31) (32) . In several systems replication complexes that have been isolated from cells infected with positive-sense RNA viruses resulted in the formation of a dsRNA as the end product (26, 33, 34) . This implies that the helicase activity was not present in these fractions to provide unwinding of the duplex RNA and hence allow the synthesis of detectable amounts of single-stranded genomic RNA.
Sequence motifs of the nucleic acid helicases are not found in the negative-stranded RNA viruses, double-stranded RNA viruses, retroviruses and small DNA viruses of animals (7, and P. Keese, personal communication). This is surprising in the case of the first two groups and indicates that a helicase function is not required in the replication of these viral RNAs or that a helicase exists with a different set of amino acid motifs.
Amino Acid Sequence Motifs of RNA Polymerases
Four types of sequence motifs (I to IV) present in the putative RNA polymerases of different plant viruses are shown in Fig. 2 . Type III motif, which was found by Kamer and Argos in 1984 (35) , and more recently the type II motif, have been used frequently to denote that the gene under study was a putative RNA-dependent RNA polymerase (15, 36, 37 
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Type I and type IV motifs were introduced (14) to propose that the amino acid sequence motifs of the polymerase of a double-stranded RNA birnavirus was related to the motifs of positive-strand RNA viruses. Based on the amino acid sequence homology in the motif regions, putative RNA polymerases of the positive-sense RNA plant viruses were assigned into three different supergroups (A,B and C, Fig. 2 ), matching precisely with the classification scheme also proposed here for the nucleic acid helicases (Fig. 1) . A consensus sequence was derived for each supergroup which is shown in the bottom line of each set in Fig. 2 . The members of each supergroup not only show a high degree of sequence homology between their respective motifs, but also show a similar length in the amino acid sequence gap between their consecutive motifs.
In Supergroup A the high homology between the sequence motifs of the putative RNA polymerases of TMV and the tricornaviridae (AIMV and CMV) has been reported before (38, 39) . TRV and BSMV also enjoy a high homology in the sequence motifs of their putative RNA polymerases as do the pair of PVX and TYMV (Fig. 2) .
As was observed with the sequence motifs of nucleic acid helicases ( Fig. 1) , two members of Subgroup 1 of the luteovirus group, i.e. SDV and BYDV (PAV serotype), show a high homology in the sequence motifs of their putative RNA polymerases with the members of subdivision Bl, i.e. the carmoviruses and tombusviruses (Fig. 2 , see also refs. 40 and 41) . Of further interest is that, although BYDV infects monocots and SDV infects dicots, their amino acid sequence motifs, except for one change in motif II, are the same (Fig. 2) .
On the other hand, the sequence motifs of the putative RNA polymerases of Subgroup 2 of the luteoviruses, i.e. BWYV and PLRV, show a high homology with the sequence motifs of the putative RNA polymerase of SBMV (42) (43) (44) , a member of the sobemovirus group (Fig. 2, Table 1, B3 ). In addition, a significant homology occurs between the amino acid sequence motif I of the RNA polymerases of SBMV and those of the members of Supergroup C (Fig. 2) . This implies that the evolutionary link between Supergroups B and C is, in fact, established via SBMV (see also Table 1 and Fig. 3) . SBMV, on one hand, is related to Subgroup 2 of the luteoviruses ( Figs. 1-3) .
A glycine residue is conserved in the first position of the sequence motif II of the RNA polymerase of the members of Supergroup B, while the same residue is conserved in the second position of this motif in Supergroup C (Fig. 2) . Also, in Supergroup C, the conserved cysteine residue in position 2 of motif IV has been replaced by a leucine (Fig.  2) . This holds true for the animal picornaviruses as well (14) . The functional significance of these substitutions is not known.
Relative Position of Sequence Motifs of Nucleic Acid Helicases and RNA Polymerases in Plant RNA Virus Genomes
Helicase motifs are found in the RNA 1 of the tricornaviridae (Supergroup A, Table 1 ; A1MV and CMV), while the RNA polymerase motifs can be located in RNA 2 of these viruses (Fig. 3) . In PVX the RNA polymerase motifs are flanked by the motifs of pi66 3 ) of each putative protein (p) coded by viral RNAs is given in brackets. Numbers in the gaps between motifs are the number of amino acids contained within each gap. Each consensus line indicates residues which most commonly occur in that position, o, hydrophobic residues; +, polar residues. (?), partial sequence only obtained for SDV (58) . See Table 1 Nucleic Acids Research and p25 helicases. In BSMV RNA 1 and RNA 2 each has a set of helicase motifs, while the RNA polymerase motifs are located in RNA 3 (Fig. 3) . In the tobamoviruses (TMV; Fig. 3 ) and tobraviruses as in Sindbis virus (8) , the nucleic acid helicase motifs are placed upstream from a readthrough termination codon and the RNA polymerase motifs are located after this codon (Table 1A; and Fig. 3 , R/T). In TYMV, PVX (pl66 open-reading frame), BNYVV (RNA 1) and in the members of Supergroup B (Fig. 3) , the nucleic acid helicase motifs occur upstream from the RNA polymerase motifs in the same open-reading frame in the absence of a readthrough termination codon (Fig. 3) . Members of the luteovirus group are exceptional in that only the C-terminal motifs of the nucleic acid helicase (pHEL, Fig. 3 ) are in-frame with the RNA polymerase motifs.
The arrangement of sequence motifs of the putative helicases and RNA polymerases in Supergroup C, which is represented by CPMV in Fig. 3 , is unique in that the protease and the VPg are located between these two sets of motifs. The VPg and the protease genes in the genome of SBMV (a member of Supergroup B, Table 1 , Fig. 3 ) are located upstream of the nucleic acid helicase motifs (45, 46) .
Evolutionary Standpoint of the Luteoviruses
Based on the data presented here, members of the luteovirus group can be divided into two subgroups: Subgroup 1 which is evolutionarily linked to Supergroup A via the viruses in subdivision Bl (Table 1) and Subgroup 2 which is linked to Supergroup C via the viruses in subdivision B3 (Table 1 , sobemovirus group). Members of the subdivision Bl were originally placed in the Sindbisvirus-like Supergroup (Table 1 , Supergroup A) based on the presence of a 5'-terminal cap structure in their genome (3) .
However, the following evidence supports that the carmoviruses and tombusviruses of subdivision Bl are related to Subgroup 1 of the luteoviruses: (a) amino acid sequence motifs of their nucleic acid helicases are significantly homologous (Fig. 1 , viruses listed 13-17, motifs IV and VI; Table 1 ). (b) amino acid sequence motifs of their RNA polymerases are significantly homologous (Fig. 2 , the top six viruses listed under Supergroup B). (c) amino acid gap lengths between the sequence motifs of their RNA polymerases are similar (Fig. 2 , the top six viruses listed under Supergroup B). The following evidence supports the view that members of Subgroup 2 of the luteoviruses (Table 1 , B2) are closely related to the sobemoviruses in subdivision B3. (a) the amino acid sequence in motif VI of their nucleic acid helicases is significantly homologous (Fig. 1 , BWYV, PLRV and SBMV). (b) significant homology occurs between the amino acid sequence motifs of their RNA polymerases (Fig. 2 , BWYV, PLRV and SBMV). (c) the amino acid gap lengths between the sequence motifs of their RNA polymerases are similar (Fig. 2 , BWYV, PLRV and SBMV). The only exception is the presence of a larger gap length between motifs HI and IV of SBMV (Fig. 2) . Table 1 for the list of virus abbreviations.
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In turn, based on the following evidence, the sobemoviruses of Supergroup B are related to Supergroup C, although nucleotide sequence data from other members of the sobemoviruses, when available, will further support these views. (a) a basic amino acid residue (replacing the glycine) is present in the sixth position of sequence motif I of the nucleic acid helicases of SBMV, CPMV and TBRV, the latter two being members of Supergroup C (Fig. 1) . (b) sequence motif I of the RNA polymerase of SBMV is similar to motif I of the members of Supergroup C (Fig. 2) . (c) SBMV has a viral coded protease for processing of the polyprotein product (45, 46) , similar to the members of Supergroup C (Fig. 3) . The evidence listed above indicates that the luteoviruses provide an important evolutionary link between the Sindbisvirus-like Supergroup A and picornavirus-liJce Supergroup C.
